Stimulation of human neutrophils with tumor necrosis factor-␣ (TNF), granulocyte-macrophage colony-stimulating factor (GM-CSF), or granulocyte CSF (G-CSF) resulted in decreased fluorescence intensity of FITC-phalloidin (actin depolymerization) and morphological changes. Cytokine-induced actin depolymerization was dependent on the concentration of cytokines used as stimuli. The maximal changes were detected at 10 min after stimulation with TNF or GM-CSF and at 20 min after stimulation with G-CSF. Cytokine-induced actin depolymerization was sustained for at least 30 min after stimulation. In contrast, N-formyl-methionyl-leucylphenylalanine (FMLP) rapidly (within 45 s) induced an increase in the fluorescence intensity of FITC-phalloidin (actin polymerization) and morphological changes. TNF-and GM-CSF-induced actin depolymerization and morphological changes, but not FMLP-induced responses, were partially inhibited by either PD-98059, an inhibitor of mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) kinase, or SB-203580, an inhibitor of p38 MAPK, and were almost completely abolished by these inhibitors in combination. G-CSF-induced responses were almost completely abolished by PD-98059 and were unaffected by SB-203580. These findings are consistent with the ability of these cytokines to activate the distinct MAPK subtype cascade in human neutrophils. Phosphorylated ERK and p38 MAPK were not colocalized with F-actin in neutrophils stimulated by cytokines or FMLP. Furthermore, FMLP-induced polarization and actin polymerization were prevented by cytokine pretreatment. These findings suggest that TNF, GM-CSF, and G-CSF induce actin depolymerization and morphological changes through activation of ERK and/or p38 MAPK and that cytokine-induced actin reorganization may be partly responsible for the inhibitory effect of these cytokines on neutrophil chemotaxis.
neutrophil; actin reorganization; cytokines; mitogen-activated protein kinase; tumor necrosis factor-␣; granulocyte-macrophage colony stimulating factor VARIOUS FUNCTIONS OF HUMAN neutrophils are activated by chemoattractants or inflammatory cytokines, such as tumor necrosis factor-␣ (TNF), granulocyte-macrophage colony-stimulating factor (GM-CSF), and granulocyte CSF (G-CSF) (16, 41, 42) . Some functions such as superoxide anion (O 2 Ϫ ) release and adherence appear to be similarly activated by chemoattractants and cytokines, whereas some functions such as locomotion and morphological changes may be differentially affected by these stimuli. For example, chemoattractants such as N-formyl-methionyl-leucyl-phenylalanine (FMLP) and interleukin-8 induce neutrophil chemotaxis, whereas TNF, GM-CSF, and G-CSF inhibit neutrophil chemotaxis (6, 13, 17, 28, 38) . Polarization, a morphological change closely associated with neutrophil chemotaxis and actin polymerization, is induced by chemoattractants but not by TNF (2) . These findings suggest that cytokines regulate actin reorganization in human neutrophils in a different way from chemoattractants. It is well known that chemoattractants induce an overall increase in F-actin content and actin polymerization, although the precise mechanisms for chemoattractant-induced actin reorganization remain to be elucidated (13, 28) . On the other hand, actin reorganization induced by inflammatory cytokines is largely unknown.
A major signaling system activated in human neutrophils stimulated by cytokines is the mitogen-activated protein kinase (MAPK) cascade (31, 32) . In mammalian cells, there are at least three MAPK subtypes, i.e., extracellular signalregulated kinase (ERK), p38 MAPK, and c-Jun NH 2 -terminal kinase. Each MAPK subtype is activated by phosphorylation on threonine and tyrosine residues by upstream dual-specificity kinases, such as MAPK/ERK kinase (MEK), MAPK kinase-3 or -6 (MKK3/6), and MKK4/7. Activation of the distinct MAPK subtype cascade is dependent on the types of cells and the stimuli used, and the functional role of each MAPK subtype may be different according to the types of cells (27, 39) . Our recent studies with human neutrophils show that distinct MAPK subtype cascades are activated in a cytokine-specific manner and that the MEK-ERK and MKK3/6-p38 MAPK cascades play an important role in cytokine-induced activation of human neutrophil functions such as O 2 Ϫ release, adherence, and upregulation of ␤ 2 -integrin (30, 31, 32) .
In this study, we investigated actin reorganization and morphological changes in human neutrophils stimulated by TNF, GM-CSF, and G-CSF, and the role of MAPKs in these responses. The results show that in contrast to a chemotactic peptide FMLP, TNF, GM-CSF, and G-CSF induce an overall decrease in F-actin content (actin depolymerization) and concomitant morphological changes in human neutrophils and suggest that activation of ERK and p38 MAPK plays a critical role in these responses.
MATERIALS AND METHODS
Reagents. Highly purified recombinant human G-CSF, GM-CSF, and TNF produced by Escherichia coli were provided by Kirin Brewery (Tokyo, Japan), Schering-Plough (Osaka, Japan), and Dainippon Pharmaceutical (Osaka, Japan), respectively. The specific activity of TNF was 3 ϫ 10 6 U/mg protein. 3 -phosphorylated cofilin were prepared as described previously (3, 37) .
Preparation of cells. Human neutrophils were prepared from healthy adult donors as described previously (31), using dextran sedimentation, centrifugation with Conray-Ficoll, and hypotonic lysis of contaminated erythrocytes. Neutrophil fractions contained Ͼ98% neutrophils. Cells were suspended in Hanks' balanced salt solution (HBSS) containing 10 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) (pH 7.4).
Determination of actin reorganization and immunofluorescence. Actin reorganization was analyzed using flow cytometry and confocal laser scanning microscopy. Neutrophils (1 ϫ 10 7 /ml, 50 l) suspended in HBSS were stimulated with TNF, GM-CSF, G-CSF, or FMLP for indicated periods at 37°C. When required, cells were pretreated with PD-98059 (50 M) or SB-203580 (10 M) for 20 min at 37°C before stimulation with each agent. The reactions were performed in polystyrene tubes (Falcon 2054; BD Labware) precoated with fetal calf serum (FCS) to prevent strong adhesive interaction between cytokine-stimulated neutrophils and polystyrene surface, which could affect actin reorganization. After incubation with each agent, cells were fixed with IntraPrep Reagent 1 (Immunotech, Marseille, France) for 15 min at room temperature. After being washed with phosphate-buffered saline (PBS), cells were permeabilized with IntraPrep Reagent 2 (Immunotech) for 5 min at room temperature and thereafter incubated with FITC-phalloidin (5 ng/ml) in the dark for 15 min at room temperature. Cells were washed with PBS, resuspended in PBS containing 0.5% paraformaldehyde, and analyzed by flow cytometry with FACS Calibur (Beckton Dickinson, Mountain View, CA) using CellQuest analysis software or by confocal laser scanning microscopy (Zeiss LSM510, Welwyn, Garden City, UK).
For indirect immunofluorescence, cells were similarly processed as described above, and phospho-ERK1/2 or phospho-p38 MAPK antibody was added with FITC-phalloidin after permeabilization with IntraPrep Reagent 2. After incubation in the dark for 15 min at room temperature, cells were washed with PBS and stained with Alexa Fluor 568-labeled goat anti-rabbit IgG antibody in the dark for 15 min at room temperature. Cells were washed with PBS and resuspended in PBS containing 0.5% paraformaldehyde. Fluorescence images were photographed with a confocal laser scanning microscope.
Western blotting. Neutrophils (1 ϫ 10 7 /ml) suspended in HBSS were prewarmed for 10 min at 37°C and thereafter stimulated with TNF (100 U/ml), GM-CSF (5 ng/ml), or G-CSF (50 ng/ml) for 10 min at 37°C. When required, cells were pretreated with PD-98059 (50 M) or SB-203580 (10 M) for 20 min at 37°C. The reactions were terminated by rapid centrifugation, and the pellets were frozen in liquid nitrogen, resuspended in ice-cold extraction buffer containing 50 mM HEPES (pH 7.4), 1% Triton X-100, 2 mM sodium orthovanadate, 100 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 100 g/ml aprotinin, and 10 g/ml leupeptin, and lysed for 10 min at 4°C. After rapid centrifugation, the supernatant was mixed 1:1 with 2ϫ sample buffer [4% sodium dodecyl sulfate (SDS), 20% glycerol, 10% mercaptoethanol, and a trace amount of bromophenol blue dye in 125 mM Tris⅐HCl, pH 6.8], heated at 100°C for 5 min and then frozen at Ϫ80°C until use. Samples were subjected to 10% SDS gel electrophoresis. After electrophoresis, proteins were electrophoretically transferred from the gel onto a nitrocellulose membrane in a buffer containing 25 mM Tris, 192 mM glycine, and 20% methanol at 2 mA/cm 2 for 1.5 h at 25°C. Residual binding sites on the membrane were blocked by incubating the membrane in Tris-buffered saline (pH 7.6) containing 0.1% Tween 20 and 5% nonfat dry milk for 2 h at 25°C. The blots were washed in Tris-buffered saline containing 0.1% Tween 20 and then incubated with appropriate antibody overnight at 4°C. After being washed, the membrane was incubated with anti-rabbit IgG antibody conjugated with horseradish peroxidase, and the antibody complexes were visualized by the ECL detection system as directed by the manufacturer. Immunoreactive bands were quantified by a National Institutes of Health (NIH) Image program on a Macintosh computer.
Kinase assay of p38 MAPK. The kinase activity of p38 MAPK was determined by using a nonradioactive immunoprecipitation kinase assay kit (Cell Signaling Technology) according to the manufacturer's instructions. Phosphorylated p38 MAPK was immunoprecipitated by using immobilized monoclonal antibody against Thr 180 /Tyr 182 -phosphorylated p38 MAPK. The resulting immunoprecipitates were incubated with GST-ATF-2 fusion protein in the presence of ATP. Phosphorylation of ATF-2 was determined by Western blotting using antibody against Thr 71 -phosphorylated ATF-2. When required, PD-98059 (50 M) and/or SB-203580 (1 or 10 M) were added to the reaction mixture.
Statistical analysis. Student's t-test was used to determine statistical significance.
RESULTS

TNF, GM-CSF, and G-CSF induce an overall decrease in F-actin content in neutrophils.
The F-actin content in human neutrophils was analyzed using FITC-phalloidin. As shown in Fig. 1 , stimulation of neutrophils with FMLP resulted in rapid increase in the fluorescence intensity, which reflects actin polymerization (13, 28) . The maximal change was detected at 45 s after stimulation, and the increased fluorescence intensity returned to the basal level within 5 min ( Fig. 2A) . In contrast to FMLP, stimulation of neutrophils with TNF, GM-CSF, or G-CSF resulted in decreased fluorescence intensity, which may reflect actin depolymerization (Fig. 1) . The maximal change in the fluorescence intensity was detected at 10 min after stimulation with TNF or GM-CSF and at 20 min after stimulation with G-CSF, respectively ( Fig. 2A) . No significant change was detected at early time points (within 5 min) after stimulation with each cytokine. The decreased fluorescence intensity induced by these cytokines was sustained at least for 30 min after stimulation. The effect of TNF, GM-CSF, and G-CSF on the changes in fluorescence intensity was dependent on the concentration of cytokines used as stimuli (Fig. 2B ). Significant effect was obtained at 1 U/ml TNF, 0.5 ng/ml GM-CSF, and 50 ng/ml G-CSF, respectively.
To further confirm that these cytokines induced actin depolymerization, cells were analyzed with confocal microscopy. As shown in Fig. 3 , confocal microscopy revealed that control cells showed diffuse distribution of F-actin and round shape. Stimulation of cells with TNF, GM-CSF, or G-CSF resulted in an overall decrease in F-actin content with redistribution of F-actin and concomitant morphological changes. In contrast, FMLP induced an overall increase in F-actin content with concomitant morphological changes. Typical polarization induced by FMLP was not detected at this early time point (28) ( 
Involvement of ERK and p38 MAPK in actin depolymerization and morphological changes induced by TNF, GM-CSF, or G-CSF.
A major signaling system activated in human neutrophils in response to stimulation with TNF, GM-CSF, or G-CSF is the MAPK cascades; specifically, the ERK and p38 MAPK cascades (31) . Our recent studies show that ERK and p38 MAPK play a critical role in cytokine-induced activation of human neutrophil functions such as O 2 Ϫ release, adherence, and upregulation of ␤ 2 -integrin (30, 31, 32) . Then, possible involvement of the MAPK cascades in cytokine-induced actin depolymerization and morphological changes was explored using PD-98059 (MEK inhibitor) (1) and SB-203580 (p38 MAPK inhibitor) (18) . As shown in Fig. 4 , pretreatment of cells with PD-98059 (50 M) significantly and partially inhibited actin depolymerization induced by TNF or GM-CSF and almost completely abolished actin depolymerization induced by G-CSF. Similarly, pretreatment of cells with SB-203580 (10 M) also significantly and partially inhibited actin depolymerization induced by TNF or GM-CSF but not by G-CSF. These findings are consistent with the ability of these cytokines to activate the distinct MAPK subtype cascade in human neutrophils; i.e., ERK is activated by TNF, GM-CSF, and G-CSF, whereas p38 MAPK is activated by TNF and GM-CSF, but not by, or very weakly by, G-CSF (31) (see also Fig. 9A ). When PD-98059 (50 M) and SB-203580 (10 M) were used in combination, TNF-or GM-CSF-induced actin depolymerization was almost completely abolished. G-CSF-induced actin depolymerization was almost completely abolished by PD-98059 alone. In contrast, neither PD-98059 nor SB-203580 affected FMLP-induced actin polymerization, in agreement with the previous report (9) (Fig. 4) . These inhibitors alone or in combination also did not affect the rate of actin depolymerization (a "falling" phase of actin polymerization), which followed rapid actin polymerization in response to FMLP (Fig.  4C , the data obtained with each inhibitor alone are not shown).
These findings obtained by flow cytometry were confirmed by confocal microscopy. As shown in Fig. 3 , TNF-or GM- Fig. 2 . Effects of TNF, GM-CSF, G-CSF, and FMLP on F-actin content in neutrophils. A: neutrophils were stimulated with TNF (100 U/ml), GM-CSF (5 ng/ml), G-CSF (50 ng/ml), or FMLP (10 Ϫ7 M) for indicated times at 37°C, and then F-actin content was measured by flow cytometry. The change in F-actin content is expressed as a relative fold change in the mean fluorescence intensity, and the fluorescence intensity at time 0 is expressed as 1. Data are expressed as means Ϯ SD of 3-6 experiments. *Significantly decreased compared with unstimulated control cells (P Ͻ 0.01). †Significantly increased compared with unstimulated control cells (P Ͻ 0.01). B: neutrophils were stimulated with indicated concentrations of TNF or GM-CSF for 10 min or G-CSF for 20 min at 37°C, and then F-actin content was measured by flow cytometry. The change in F-actin content is expressed as a relative fold change in the mean fluorescence intensity as described in A. Data are expressed as means Ϯ SD of 3 experiments. *Significantly decreased compared with unstimulated control cells (P Ͻ 0.01).
CSF-induced actin depolymerization as well as morphological changes was partially inhibited by pretreatment of cells with PD-98059 or SB-203580. When PD-98059 and SB-203580 were used in combination, TNF-or GM-CSF-induced actin depolymerization as well as morphological changes was almost completely abolished, and these cells showed apparently similar profiles to control cells (Fig. 3, A and B) . On the other hand, G-CSF-induced actin depolymerization as well as morphological changes was almost completely abolished by pretreatment of cells with PD-98059 and was unaffected by SB-203580 (Fig. 3C) . In contrast, neither PD-98059 nor SB-203580 affected FMLP-induced actin polymerization and morphological changes (Fig. 3D) .
FMLP-induced polarization and actin polymerization are prevented by cytokine pretreatment. The results depicted in Figs. 1-4 show that actin reorganization is differentially regulated by cytokines and FMLP, suggesting that FMLP-induced polarization and actin polymerization might be affected by cytokine pretreatment. To explore this possibility, neutrophils were pretreated with each cytokine for 10 or 20 min and thereafter challenged with FMLP. As shown in Fig. 5 , later challenge with FMLP caused significant actin polymerization in TNF-, GM-CSF-, or G-CSF-pretreated neutrophils when analyzed at 45 s after FMLP stimulation. However, the magnitude of FMLP-induced actin polymerization in cytokinepretreated cells was always less than polymerization that was apparent in cells treated with FMLP alone (P Ͻ 0.05 for all cytokines, n ϭ 4). Confocal microscopy revealed that FMLPinduced polarization, which was detected at 10 min after stimulation, was prevented by pretreatment of cells with TNF, GM-CSF, or G-CSF (Fig. 6) . Prevention or attenuation of FMLP-induced actin polymerization by cytokine pretreatment was also confirmed by confocal microscopy.
Phosphorylated ERK and p38 MAPK are localized separately from F-actin. The results described above indicate a close relationship between actin depolymerization and activation of ERK and p38 MAPK. If activation of ERK and p38 MAPK is actually involved in actin depolymerization in human neutrophils, it would be expected that phosphorylated ERK and p38 MAPK are localized separately from F-actin and are not colocalized with F-actin, because depolymerization of the surrounding F-actin by activated ERK or p38 MAPK could cause the spatial separation of remaining F-actin from phosphorylated ERK or p38 MAPK. As shown in Fig. 7 , in unstimulated control neutrophils F-actin was diffusely distributed in the cytoplasm with no or negligible staining for phosphorylated ERK and p38 MAPK. In neutrophils stimulated by TNF for 10 min, phosphorylated ERK and p38 MAPK were strongly stained in the cytoplasm, whereas F-actin was markedly decreased and residual F-actin was primarily localized at the periphery with uneven distribution. It should be noted that phosphorylated ERK and p38 MAPK are localized separately from F-actin in TNF-stimulated cells (Fig. 7) . Essentially, the similar results were obtained for neutrophils stimulated by GM-CSF or G-CSF for 10 min. Phosphorylated ERK and p38 MAPK were strongly stained in the cytoplasm in GM-CSFstimulated cells, and both molecules were localized separately from F-actin. In G-CSF-stimulated cells, phosphorylated ERK was strongly stained in the cytoplasm with negligible staining for phosphorylated p38 MAPK, and it was localized separately from F-actin (Fig. 7) . In neutrophils stimulated by FMLP for 45 s, increased F-actin was primarily localized at the periphery, and phosphorylated ERK and p38 MAPK were primarily stained in the central region and were localized separately from F-actin (Fig. 7) . At 10 min after stimulation with FMLP, F-actin was primarily localized in the polarized portion, and phosphorylated ERK was still localized separately from F- actin. Staining for phosphorylated p38 MAPK became much weaker at this time point. These findings obtained with staining for phosphorylated ERK and p38 MAPK in control and stimulated neutrophils were consistent with those obtained with immunoblotting for these molecules (see Fig. 9 ) (data not shown for FMLP-stimulated cells) (31) . The studies with confocal microscopy reveal that phosphorylated ERK and p38 MAPK are localized separately from F-actin in neutrophils stimulated by FMLP as well as cytokines.
Cofilin was dephosphorylated by stimulation with FMLP but not with cytokines. Cofilin is a major actin-depolymerizing protein, being active in the dephosphorylated form (4). To explore the possible participation of cofilin in cytokine-induced depolymerization in neutrophils, the level of phosphorylated cofilin was analyzed using antibody against Ser 3 -phosphorylated cofilin. As shown in Fig. 8 , cofilin was rapidly (within 45 s) dephosphorylated by stimulation with FMLP, in agreement with the previous report (11) . The increased dephosphorylation of cofilin was sustained for at least 10 min after stimulation with FMLP. On the other hand, the level of phosphorylated cofilin was unaltered by stimulation with TNF, GM-CSF or G-CSF for 5-20 min (Fig. 8) . These findings indicate that cytokine-induced actin depolymerization is unlikely to be ascribed to increased level of dephosphorylated cofilin.
Effects of PD-98059 and SB-203580 on the activation of ERK and activity of p38 MAPK.
To determine the specificity of the effects of PD-98059 and SB-203580 on cytokine-induced actin depolymerization and morphological changes in neutrophils, the effects of these inhibitors on activation of ERK and activity of p38 MAPK were analyzed. As shown in and SB-203580 on p38 MAPK kinase activity were analyzed using immunoprecipitated p38 MAPK obtained from TNFstimulated neutrophils. Consistent with increased phosphorylation of p38 MAPK, the kinase activity of p38 MAPK was increased by stimulation with TNF when the kinase activity was determined using ATF-2 as a substrate (Fig. 9C) . The kinase activity of p38 MAPK was markedly inhibited by SB-203580 (1 and 10 M) but unaffected by PD-98059 (50 M). SB-203580 (1 and 10 M) and PD-98059 (50 M) in combination caused essentially the same effect as SB-203580 (1 and 10 M) alone (Fig. 9C) . These findings indicate that the concentrations of PD-98059 and SB-203580 used in the present experiments are sufficient for obtaining significant inhibition of ERK and/or p38 MAPK activity and that PD-98059 and SB-203580 may inhibit cytokine-induced actin depolymerization and morphological changes through inhibiting the distinct MAPK subtype cascades.
DISCUSSION
The present experiments show that stimulation of human neutrophils with cytokines (TNF, GM-CSF, and G-CSF) results in an overall decrease in F-actin content (actin depolymerization) with concomitant morphological changes. Actin depolymerization induced by these cytokines is detected at 10-20 min after stimulation and is apparently preceded by activation of ERK and p38 MAPK, which is detectable within 3 min after stimulation with these cytokines (31) . In addition, cytokine-induced actin depolymerization and morphological changes were inhibited by PD-98059 and SB-203580 in a cytokine-specific manner. The cell responses induced by TNF and GM-CSF, which activate ERK and p38 MAPK, were partially inhibited by either PD-98059 or SB-203580 and were almost completely abolished by these inhibitors in combination. On the other hand, the cell responses induced by G-CSF, which primarily activates ERK, was almost completely abolished by PD-98059 but not inhibited by SB-203580. Furthermore, phosphorylated ERK and p38 MAPK are localized Fig. 6 . Effect of cytokine pretreatment on FMLP-induced polarization and actin polymerization in neutrophils. Neutrophils were pretreated with TNF (100 U/ml) or GM-CSF (5 ng/ml) for 10 min, or G-CSF (50 ng/ml) for 20 min and thereafter stimulated with FMLP (10 Ϫ7 M) for 10 min at 37°C. F-actin distribution and morphological changes were analyzed with confocal microscopy using FITC-phalloidin. The results shown are representative of 4 independent experiments.
separately from F-actin in neutrophils stimulated by these cytokines. These findings indicate that TNF-, GM-CSF-, and G-CSF-induced actin depolymerization and morphological changes may be mediated through activation of ERK and/or p38 MAPK. The cell responses induced by these cytokines show remarkable contrast to the responses provoked by a chemotactic peptide FMLP, which stimulates an overall increase in F-actin content (actin polymerization) with concomitant morphological changes (13, 28) , and FMLP-induced responses are not affected by PD-98059 nor SB-203580 (9) . It should be noted that phosphorylated ERK and p38 MAPK are also localized separately from F-actin even in neutrophils stimulated by FMLP, suggesting that activation of ERK and p38 MAPK is associated with actin depolymerization even in neutrophils stimulated by FMLP. On the other hand, a "falling" phase of FMLP-induced actin polymerization was unaffected by MAPK inhibitors, suggesting that this phase is primarily regulated by other molecules than MAPKs. The present experiments also show that morphological changes are accompanied with actin depolymerization (an overall decrease in F-actin content), as well as polymerization.
Accumulated evidence indicates that the MAPK cascades play an important role in various neutrophil functions. It has been demonstrated that ERK is involved in cytokine (TNF and Fig. 7 . Phosphorylated ERK and p38 MAPK are localized separately from F-actin. Neutrophils were stimulated with TNF (100 U/ml), GM-CSF (5 ng/ml), or G-CSF (50 ng/ml) for 10 min or with FMLP (10 Ϫ7 M) for 45 s or 10 min at 37°C. Localization of phosphorylated ERK (red color in upper panel for each set) and phosphorylated p38 MAPK (red color in lower panel for each set) was analyzed with indirect immunofluorescence using phospho-ERK1/2 or phospho-p38 MAPK antibody and Alexa Fluor 568-labeled goat anti-rabbit IgG antibody. F-actin distribution (green color for each set) was analyzed using FITC-phalloidin. 
GM-CSF)-induced O 2
Ϫ release and adherence, Fc␥ receptor (Fc␥R) IIa-mediated phagocytosis and activation of myosin light chain kinase, and Fc␥R-mediated actin polymerization (7, 9, 21, 30, 31, 32) . On the other hand, p38 MAPK is reported to be involved in chemotaxis, LPS-induced activation of NF-B and synthesis of TNF, Fc␥RIIIb-mediated H 2 O 2 production, TGF-␤ 1 -induced actin polymerization, and cytokine (TNF, GM-CSF, and IL-1␤)-induced O 2 Ϫ release, adherence, and upregulation of ␤ 2 integrin (7, 8, 10, 23, 24, 30, 31, 32, 35) . The results presented here show that both ERK and p38 MAPK play a critical role in cytokine-induced actin depolymerization and morphological changes in human neutrophils.
The physiological role of sustained actin depolymerization induced by cytokines remains to be determined. One possible role is that sustained strong actin depolymerization might inhibit neutrophil chemotaxis by preventing coordinated polymerization, depolymerization, and redistribution of actin cytoskeleton, which is crucial for directed cell motility (6, 13, 28, 29, 38) . In fact, FMLP-induced polarization was prevented by cytokine pretreatment, and the extent of FMLP-induced actin polymerization in cytokine-pretreated neutrophils was less than that in control cells unexposed to cytokines. Consistent with this is the findings that neutrophil chemotaxis is impaired by preexposure of cells with TNF, GM-CSF, or G-CSF (6, 13, 17, 28, 38) . It is conceivable that cytokines may partly contribute to accumulation of neutrophils to the inflammatory sites by preventing neutrophils from leaving there, where a lot of cytokines are produced. It has been reported that TNF induces a slight increase in F-actin content in human neutrophils (5) , in contrast to our present experiments. The reason for this discrepancy is unknown. One possible reason is that strong adhesive interaction between TNF-stimulated neutrophils and plastic surface might affect actin reorganization. To prevent this possible adhesive interaction, the reactions were performed in FCS-precoated tubes in the present experiments.
Possible involvement of MAPKs in actin reorganization has been reported in several cell types. However, the precise mechanisms by which MAPKs regulate actin reorganization remain to be determined. In endothelial cells, p38 MAPK is Fig. 9 . Effects of PD-98059 and SB-203580 on activation of ERK and activity of p38 MAPK. A: neutrophils were stimulated with TNF (100 U/ml), GM-CSF (5 ng/ml), or G-CSF (50 ng/ml) for 10 min at 37°C. Western blotting was performed using antibodies against phosphorylated (upper and middle panels) and nonphosphorylated (lower panel) forms of ERK1/2 and p38 MAPK. B: neutrophils were pretreated with PD-98059 (PD, 50 M) and/or SB-203580 (SB, 10 M) for 20 min at 37°C and thereafter stimulated with TNF (100 U/ml), GM-CSF (5 ng/ml), or G-CSF (50 ng/ml) for 10 min at 37°C. Western blotting was performed using antibodies against phosphorylated (upper panel) and nonphosphorylated (lower panel) forms of ERK1/2. C: neutrophils were stimulated with TNF (100 U/ml) for 10 min at 37°C. Phosphorylated p38 MAPK was immunoprecipitated with antibody against the phosphorylated form of p38 MAPK. In vitro kinase assay was then performed using GST-ATF-2 fusion protein as a substrate. When required, PD-98059 (PD, 50 M) and/or SB-203580 (SB, 1 or 10 M) were added to the reaction mixture. Phosphorylation of ATF-2 was determined by immunoblotting using antibody against phosphorylated ATF-2. The cell lysates equivalent to 6 ϫ 10 6 cells were loaded onto each lane. Although two bands were detected by this method, an upper band was identified as phosphorylated ATF-2 on a basis of molecular weight. Results shown are representative of 3 independent experiments. reported to activate MAPK-activated protein (MAPKAP) kinase 2, which phosphorylates heat shock protein of 27 kDa (HSP27), an F-actin cap binding protein. Phosphorylation of HSP27 would release its binding to actin, allowing polymerization and presumably depolymerization, as well, according to the signals concomitantly generated (4, 15) . In murine macrophage cell lines, TNF induces actin depolymerization through undefined mechanisms and TNF inhibits Cdc42-induced filopodium formation through activation of p38 MAPK (26) . In human neutrophils, MAPKAP kinase 2 is activated by FMLP, and MAPKAP kinase 2 phosphorylates HSP27 and lymphocyte-specific protein 1 (LSP1), an F-actin-bundling protein (14, 19) . Neutrophils with increased expression of LSP1 exhibit defective locomotion and enhanced O 2 Ϫ release (12) . A recent study indicates that an increased level of LSP1 induces actin reorganization and formation of surface projection without affecting F-actin content in U-937 cells (19) , indicating that actin reorganization and morphological changes are not necessarily accompanied with the overall changes in F-actin content.
Another possible molecule responsible for enhanced actin depolymerization may be cofilin. Cofilin is a major actindepolymerizing protein and promotes rapid actin filament turnover (36) . Its activity is regulated by phosphorylation, being inactive in the phosphorylated form (4) . It has been reported that ϳ50% of cofilin exists in the phosphorylated form in resting neutrophils, and cofilin is rapidly dephosphorylated by stimulation with opsonized zymosan, FMLP, arachidonic acid, the Ca 2ϩ ionophore A-23187, or phorbol myristate acetate (11, 25, 33) . In other types of cells, cofilin is phosphorylated by LIM-kinase through activation of Rac and Rho, resulting in stabilization and reorganization of actin filaments (20) . It should be noted that multiple signals are generated by receptor activation according to the stimuli used. In fact, concomitant generation of the signals promoting actin polymerization and depolymerization has been demonstrated in murine macrophage cell lines using mutated TNF receptors (26) . Furthermore, many stimulants, including FMLP, phorbol myristate acetate, and opsonized zymosan, induce actin polymerization despite concomitant dephosphorylation of cofilin (11, 25, 33) , which could lead to actin depolymerization. It is likely that in neutrophils stimulated by such an agonist, the signals promoting actin polymerization may be dominant and overwhelm the signals promoting actin depolymerization such as dephosphorylation of cofilin, resulting in an overall increase in F-actin content. In contrast, it is likely that in neutrophils stimulated by cytokines (TNF, GM-CSF, and G-CSF), the signals promoting actin depolymerization may be generated to a greater extent than the signals promoting actin polymerization. The present experiments show that cytokine-induced actin depolymerization is not caused by an increased level of dephosphorylated cofilin because cofilin was neither phosphorylated nor dephosphorylated by stimulation with cytokines. This finding, however, does not exclude the possible role of cofilin in cytokineinduced actin depolymerization. Cofilin might play some role in cytokine-induced actin depolymerization because cofilinmediated actin depolymerization is accelerated by increased pH (22) and sustained increase in cytoplasmic pH in neutrophils is induced by stimulation with cytokines (TNF, GM-CSF, and G-CSF) (40) . Cytokine-induced increase in cytoplasmic pH is apparent after a lag time of 3-5 min (40) and precedes the onset of cytokine-induced actin depolymerization, which was apparent after a lag time of 5-10 min. By contrast, cofilin was rapidly dephosphorylated by FMLP stimulation, which might partly contribute to actin depolymerization (a "falling" phase of actin polymerization) after rapid actin polymerization in response to FMLP. It is also possible that other molecules such as WASP (Wiskott-Aldrich syndrome protein) may be involved in actin depolymerization in neutrophils stimulated by cytokines or FMLP (34) . Although the precise mechanisms for cytokine-induced actin depolymerization and morphological changes in human neutrophils remain to be elucidated, the present experiments demonstrate that ERK and p38 MAPK play a critical role in these responses, as well as cytokineinduced O 2 Ϫ release and adherence.
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